Circulating levels of glucocorticoids are increased in many traumatic and muscle-wasting conditions that include insulin-dependent diabetes, acidosis, infection, and starvation. On the basis of indirect findings, it appeared that these catabolic hormones are required to stimulate Ub (ubiquitin)-proteasome-dependent proteolysis in skeletal muscles in such conditions. The present studies were performed to provide conclusive evidence for an activation of Ub-proteasome-dependent proteolysis after glucocorticoid treatment. In atrophying fast-twitch muscles from rats treated with dexamethasone for 6 days, compared with pair-fed controls, we found (i) increased MG132-inhibitable proteasomedependent proteolysis, (ii) an enhanced rate of substrate ubiquitination, (iii) increased chymotrypsin-like proteasomal activity of the proteasome, and (iv) a co-ordinate increase in the mRNA expression of several ATPase (S4, S6, S7 and S8) and non-ATPase (S1, S5a and S14) subunits of the 19 S regulatory complex, which regulates the peptidase and the proteolytic activities of the 26 S proteasome. These studies provide conclusive evidence that glucocorticoids activate Ub-proteasome-dependent proteolysis and the first in vivo evidence for a hormonal regulation of the expression of subunits of the 19 S complex. The results suggest that adaptations in gene expression of regulatory subunits of the 19 S complex by glucocorticoids are crucial in the regulation of the 26 S muscle proteasome.
INTRODUCTION
Circulating levels of glucocorticoids are increased in Cushing's syndrome, insulin-dependent diabetes, acidosis, infection, starvation, and various traumatic and catabolic conditions [1] [2] [3] . In rodents, administration of glucocorticoids results in an impairment of protein synthesis and increased proteolysis leading to skeletalmuscle atrophy [4, 5] . However, the mechanisms underlying the increased muscle proteolysis observed in response to high levels of glucocorticoids are not yet fully understood [4] [5] [6] [7] .
Multiple proteolytic pathways, including the lysosomal, Ca 2+ -dependent and Ub (ubiquitin)-proteasome-dependent processes and proteases (e.g. caspases and matrix metalloproteases) are responsible for skeletal-muscle proteolysis [7] . It is now established that the degradation of the most abundant contractile proteins (actin and myosins) is not directly mediated by lysosomal and Ca 2+ -activated proteases. In contrast, overwhelming evidence that the Ub-proteasome-dependent pathway degrades these myofibrillar proteins has been provided recently [7] [8] [9] . Accordingly, this degradative process is the critical system responsible for the muscle wasting seen in different catabolic conditions [7, 10] . In this pathway, Ub targets specific intracellular proteins for degradation. Ubiquitination proceeds via a thiol-ester reaction cascade involving the Ub-activating enzyme (E1), Ub-conjugating enzymes (E2) and Ub-protein ligases (E3), which possess substrate recognition sites (see [11, 12] for recent reviews). Rapid degradation by the 26 S proteasome requires the formation of a poly(Ub) degradation signal that comprises at least four Ub moieties [11] . Poly(Ub) chains are generally formed by the sequential conjugation of the C-terminus of Ub to the ε-amino group of the Lys 48 of the Ub moiety already bound to the protein.
Abbreviations used: DTT, dithiothreitol; DX, dexamethasone; PF, pair-fed; Ub, ubiquitin; 14 kDa E2, 14 kDa Ub-conjugating enzyme E2. 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed (e-mail attaix@clermont.inra.fr).
The 26 S proteasome comprises a 20 S proteasome catalytic core (a barrel-shaped particle organized as a stack of four rings of seven α-and β-subunits) and two axially positioned 19 S regulatory complexes (each containing approx. 18 subunits). The 19 S complexes recognize poly(Ub) chains, control substrate access to the catalytic chamber, and regulate both peptidase and proteolytic activities of the proteasome by ATP-dependent mechanisms [7] . In muscle cell cultures, glucocorticoids stimulate the transcription of Ub or the C3 20 S proteasome subunit via distinct signalling pathways [e.g. SP1 (stimulating protein-1) and MEK-1 (mitogen-activated protein kinase/extracellular-signal-regulated protein kinase kinase 1) or nuclear factor κB respectively] [3, 13] . The glucocorticoid-dependent stimulation of skeletalmuscle proteolysis correlates with increased mRNA levels for Ub, the 14 kDa E2 (14 kDa Ub-conjugating enzyme E2), Ub-E2G, the 2E isoform of the 17 kDa E2, the muscle-specific MAFbx (muscle atrophy F-box protein) and MuRF-1 (muscle RING finger-1) E3s, and α-subunits of the 20 S proteasome [4, 14, 15] . In contrast, adrenalectomy suppresses the increased non-lysosomal, Ca 2+ -independent, but ATP-dependent, proteolysis in fasted rats [16] , and the increased mRNA levels for components of the Ubproteasome pathway in fasted and acidotic rats [16] [17] [18] . Finally, treatment of rats with the glucocorticoid antagonist RU38486 blocked both the catabolic response observed in muscle from burned and septic rats [19, 20] , and concomitantly suppressed the increased expression of Ub [21] or muscle-specific E3s [20] that characterizes these catabolic conditions. Although these observations clearly support a role for the Ub-proteasome pathway in glucocorticoid-induced muscle atrophy, they need to be interpreted with caution. Indeed, all the information currently available in skeletal muscle pertains to very indirect observations (e.g. measurements of levels of mRNA and Ub-protein conjugates; rates of proteolysis in incubated muscles in the presence of ATP depletion and of inhibitors of lysosomal/Ca 2+ -dependent proteases). The present experiments were undertaken to determine the mechanisms of activation of Ub-proteasome-dependent proteolysis in skeletal muscles from DX (dexamethasone)-treated adult rats. For this purpose, skeletal muscles were incubated in the presence of the proteasome inhibitor MG132, and both Ub conjugation rates and the chymotrypsin-like activity of the proteasome were measured. We also investigated, for the first time in mammalian muscle, if glucocorticoids regulate mRNA and protein levels for ATPase and non-ATPase subunits of the 19 S regulatory complex of the 26 S proteasome.
EXPERIMENTAL

Animals
The animal facilities and methods were approved by the local ethical committee of the Institut National de la Recherche Agronomique (INRA, France). Adult male Wistar rats (IffaCredo, Lyon, France) aged 8 months were housed individually under controlled environmental conditions [room temperature (22 • C); 12 h light-dark cycle, lights on at 08:00 h]. Before the experiments were performed, they were fed ad lib. with a commercial laboratory chow. Animals had free access to water and were randomly divided into a control and a DX-treated group. DX (a synthetic glucocorticoid analogue that does not bind to plasma-binding proteins) was given daily at 09:00 h in the drinking water for 6 days [4] . DX concentration was adjusted every day on the basis of the amount of water that the animals drank the preceding day. To induce significant muscle atrophy, rats received 540 + − 92 µg DX · (kg body weight) −1 · day −1 [4] . Since DX decreases food intake (from approx. 21 to approx. 7 g of dry matter/day between days 1 and 6 respectively), the control group was PF (pair-fed) to the DX group. Animals were killed under anaesthesia with sodium pentobarbital (6 mg/100 g of body weight) after an overnight starvation. Blood samples were collected for measuring both plasma glucose and insulin plasma levels. Gastrocnemius muscles were carefully dissected, frozen in liquid nitrogen and stored at − 80
• C until analysed.
Muscle incubation
Muscle protein breakdown was measured exactly as described previously [22] . On the day of the experiment, epitrochlearis muscles were quickly excised and rinsed in Krebs-Henseleit bicarbonate buffer (120 mM NaCl/4.8 mM KCl/25 mM NaHCO 3 / 1.2 mM KH 2 PO 4 /1.2 mM MgSO 4 , pH 7.4) supplemented with 5 mM Hepes, 5 mM glucose and 0.1 % BSA. Muscles were then transferred to plastic tubes containing 1.5 ml of fresh buffer at 37
• C saturated with a O 2 /CO 2 (19:1) gas mixture. After 30 min of preincubation, muscles were transferred to a fresh medium of identical composition and incubated further for 1 h. To date, this is the only way to evaluate the contribution of proteolytic pathways in skeletal muscles. Although isolated muscles are always in net negative nitrogen balance, such measurements quantitatively reflect changes in protein turnover rates reported in intact animals and have been validated previously [22] .
The contribution of lysosomal and Ca 2+ -dependent proteases and of the proteasome to the rates of overall proteolysis was determined as described in [23] . When measuring proteasomedependent proteolysis, skeletal muscles were incubated in the presence of lysosomal and Ca 2+ -dependent protease inhibitors because the proteasome inhibitor MG132 also inhibits cysteine proteases (e.g. cathepsin B, H and L, and calpains) [23] . Rates of protein breakdown were measured by following the rates of tyrosine release into the medium in the presence of 0.5 mM cycloheximide to block protein synthesis [24] . Protein degradation was expressed in nmol of tyrosine released · (mg of protein)
into the medium. Muscle protein content was measured according to the bicinchoninic acid procedure.
Northern-blot analysis
Tibialis anterior, epitrochlearis and gastrocnemius muscles from PF controls and DX-treated rats were rapidly excised, frozen in liquid nitrogen and stored at − 80 • C. Total RNA was extracted as described by Chomczynski and Sacchi [25] , and Northern-blot analysis was performed as described in [23] . The membranes were hybridized with cDNA probes encoding poly(Ub), the 14 kDa E2, the C2, X and Z subunits of the 20 S proteasome, and the S1, S4, S5a, S6, S7, S8 and S14 subunits of the 19 S regulatory complex of the 26 S proteasome [23] . Hybridizations were performed with [
32 P]cDNA fragments labelled by random priming. After stripping the different probes, the filters were reprobed with a cDNA fragment encoding the 18 S rRNA. The filters were autoradiographed and the signals were quantified as described in [26] . Autoradiographic signals were normalized using the corresponding 18 S rRNA signals to correct for variations in RNA loading.
Western-blot analysis
Gastrocnemius muscles were homogenized in 20 vol. of icecold buffer [2.5 mM Tris, pH 7.5/5 mM EDTA, pH 8.0/2 mM PMSF/4 mM DTT (dithiothreitol)/0.1 % Triton X-100]. Homogenates were centrifuged at 3000 g for 10 min at 4 • C. Protein concentrations in the resulting supernatants were determined using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, U.S.A.). Proteins (35 and 50 µg) were electrophoresed on 12 % polyacrylamide gels and transferred on to nitrocellulose membranes (0.45 µm; Schleicher and Schuell, Ecquevilly, France). Membranes were blocked for 1 h in 5 % (w/v) nonfat dried milk in TTNS (25 mM Tris, pH 7.5/0.1 % Tween 20/ 0.9 % NaCl) and incubated for 1 h with antibodies against the 14 kDa E2 (kindly provided by Dr Simon S. Wing, McGill University, Montréal, Canada), and the S4, S5a, S6, S7 and S14 subunits of the 19 S complex (kindly provided by Dr Martin Rechsteiner, University of Utah, Salt Lake City, UT, U.S.A. and Dr Keiji Tanaka, Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan). After washing three times in TTNS, the blots were incubated for 1 h with an alkaline phosphataselinked goat anti-mouse or anti-rabbit IgG as appropriate. The blots were washed extensively four times in TTNS for 20 min and incubated in enhanced chemifluorescence reagent (ECF; Amersham Biosciences, Orsay, France). Signals were visualized with a Phosphofluoro-Imager (Molecular Dynamics, Sunnyvale, CA, U.S.A.) and quantified using the ImageQuant software (version 1.1; Amersham Biosciences). The results were normalized using the corresponding amidoblack-staining signals to correct for variations in protein loading as described in [23] .
Ubiquitination rates
Gastrocnemius muscles were excised from control PF and DXtreated rats and were homogenized individually at 4
• C with a Polytron in 50 mM Tris/HCl (pH 7.5), 1 mM DTT, 1 mM EDTA, 1 mM PMSF, 10 µg/ml pepstatin A and 10 µg/ml leupeptin (5 ml of buffer/g of muscle). The homogenates were centrifuged at 10 000 g for 10 min at 4
• C, and the supernatants were centrifuged at 100 000 g for 60 min at 4
• C. The final supernatants were stored at − 80
• C until use. At 37 • C, rates of ubiquitination were determined by incubation of muscle extracts containing 50 µg of protein in 50 mM Tris/HCl (pH 7.5), 1 mM DTT, 2 mM MgCl 2 , 2 mM 5 -adenylylimidodiphosphate and 5 µM 125 I-labelled Ub (approx. 3000 c.p.m./pmol) in a total volume of 20 µl. The reaction was stopped at 0, 15, 30, 45 and 60 min by the addition of 1× Laemmli buffer. Pilot studies showed that conjugation rates were linear for this period of time and that the concentration of exogenously labelled Ub was in significant excess of any endogenous Ub (e.g. addition of larger amounts of labelled Ub did not increase rates of ubiquitination). After incubation, Ub conjugates were resolved from free Ub by SDS/PAGE (12 % gel). After drying of the gel, high-molecular-mass radiolabelled conjugates were visualized with a PhosphofluoroImager and quantified using the ImageQuant imager software. Time courses for the accumulation of high-molecular-mass Ub conjugates were analysed by linear regression to calculate ubiquitination rates, e.g. the slopes of best fit of arbitrary densitometric units of high-molecular-mass Ub conjugates versus time.
Chymotrypsin-like activity of the proteasome
Soluble proteins, from pooled gastrocnemius muscles of either control PF or DX-treated animals, were extracted in 10 vol. of an ice-cold 10 % (v/v) glycerol buffer (pH 8.0) containing 50 mM Tris, 10 mM ATP, 10 mM MgCl 2 , 1 mM DTT and protease inhibitors (10 µg/ml of antipain, aprotinin, leupeptin and pepstatin A, and 20 µM PMSF). Samples were then centrifuged at 100 000 g for 1 h at 4
• C. Supernatants were collected and submitted to 36 ml of 10-40 % glycerol gradient in the above-described buffer. Samples were centrifuged at 100 000 g for 22 h at 4
• C and 1 ml fractions were then collected from the bottom of the tubes. Each fraction was tested for the chymotrypsin-like activity of the proteasome with succinyl-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin as a substrate (Affiniti Research Products, Exeter, U.K.) as described in [23] . To estimate the proteasome-dependent activity, the difference between arbitrary fluorescence units recorded at + − 40 µM of the proteasome inhibitor MG132 (Affiniti Research Products) in the reaction medium was calculated. The final data were corrected by the amount of protein loaded on to the gradient.
Blood glucose and plasma insulin
Plasma insulin was determined by RIA with INS-PR kit (CIS BIO International, Gif-sur-Yvette, France). Arterial blood glucose concentration was measured using a glucometer (Glucometer 3; Bayer Diagnostics, Marnes la Coquette, France).
Statistical analysis
All data are expressed as means + − S.E.M. and are representative of at least two different experiments. Statistical analyses were performed using the unpaired Student's t test. Ubiquitination rates were compared using regression analysis [27] . Significance was defined at the 0.05 level.
RESULTS
Animal characteristics
DX-treated animals lost 18.5 % of their initial body weight, whereas control PF rats lost only 8.5 % of their initial body 2+ -independent proteolysis was measured in muscles incubated in a Ca 2+ -free medium containing 10 mM methylamine and 50 µM leupeptin. (C) Non-lysosomal, Ca 2+ -independent and proteasomeindependent proteolysis was measured in muscles incubated in a Ca 2+ -free medium containing 10 mM methylamine, 50 µM leupeptin and 40 µM proteasome inhibitor MG132. Data are means + − S.E.M. for nine or ten animals. Statistical differences were assessed using unpaired Student's t test. *P < 0.05 versus control PF rats.
weight (Table 1) . Thus DX treatment increased the loss of body weight. At the end of the DX treatment, muscle mass of gastrocnemius and epitrochlearis in DX-treated rats was 19 and 26 % lower respectively compared with control PF animals ( Table 1 ). In accordance with previous results [28] , blood glucose increased by 109 % (P < 0.05) in DX-treated rats compared with control PF rats, and hyperglycaemia was associated with hyperinsulinaemia (+ 420 %, P < 0.05) ( Table 1) .
Proteolytic pathways responsible for muscle atrophy
The DX-induced muscle atrophy resulted from increased total proteolysis in the epitrochlearis (P < 0.05, Figure 1A) . Rates of protein breakdown in DX-treated rats were still high in the presence of inhibitors of the lysosomal and Ca 2+ -dependent proteolytic pathways (P < 0.05, Figure 1B) . In contrast, high rates of proteolysis in the incubated muscles from DX-treated rats were totally suppressed when the proteasome inhibitor MG132 was added to inhibitors of both lysosomal and Ca 2+ -dependent proteases ( Figure 1C ). Thus the increased proteolysis in DXtreated rats is explained by a stimulation of proteasome-dependent proteolysis.
DX administration increased rates of ubiquitination of muscle proteins
We next examined the mechanisms responsible for the activation of the MG132-sensitive proteolytic pathway in DX-treated rats. There are two main steps in the Ub-proteasome pathway: (i) Ub conjugation to protein substrates that involves the 14 kDa E2 [4] and E3α, and several other E2s [14] , or recently characterized muscle-specific E3s [15] , and (ii) the subsequent degradation of Ub conjugates by the 26 S proteasome.
The musculature comprises mainly fast-twitch muscles. Measurements of Ub-proteasome-dependent proteolysis (e.g. in vitro rates of proteolysis, mRNA and protein levels, proteasome activities etc.) often need to be performed in several muscles due to the limited amounts of material in rodents. Thus we next investigated changes in mRNA levels for components of the Ub-proteasome pathway in three different fast-twitch muscles. Figure 2(A) shows that Ub mRNA levels increased in the tibialis anterior and epitrochlearis muscles from DX-treated rats compared with control PF animals [+ 277 % (P < 0.001) and + 368 % (P < 0.01) respectively]. mRNA levels for the 14 kDa E2 also increased significantly, but only in the epitrochlearis muscle from DX-treated animals (+ 150 %, P < 0.001). In the gastrocnemius muscle, Ub mRNA levels increased by 252 % (P < 0.01), whereas the 14 kDa E2 mRNA levels remained stable after DX administration ( Figure 2B , left panel). Similarly, the protein level of the 14 kDa E2 in gastrocnemius muscles was also not altered by DX treatment ( Figure 2B, right panel) . In contrast, ubiquitination rates measured in soluble protein extracts from gastrocnemius muscles increased by 70 % (P < 0.005, Figure 2C ). Thus the enhanced rates of proteasome-dependent proteolysis observed in epitrochlearis muscles from DX-treated rats ( Figure 1B ) correlated with increased expression of both the Ub and 14 kDa E2 in that muscle (Figure 2A) , and reflected increased conjugation of Ub to protein substrates at least in the gastrocnemius muscle ( Figure 2C ).
DX administration increased the expression of 20 S proteasome subunits and chymotrypsin-like proteasomal activity
mRNA levels for non-catalytic subunits α of the 20 S proteasome (C2, C3, C8 and C9) are increased in various muscle-wasting conditions where proteolysis increases [7] . Figure 3 shows that the mRNA levels for the non-catalytic α-subunit C2 and the β catalytic subunit Z of the 20 S proteasome increased significantly (P < 0.05) in the three muscles studied from DX-treated rats compared with control PF animals, including the epitrochlearis muscle. In contrast, the mRNA levels for the β catalytic subunit X increased significantly in the tibialis anterior muscle from DXtreated rats (P < 0.05), but only tended to increase in both the epitrochlearis and gastrocnemius muscle (P > 0.05). However, the chymotrypsin-like activity of the proteasome increased in the gastrocnemius muscle from DX-treated rats (Figure 4 ). Overall, a very similar pattern of enhanced expression for α-and β-subunits of the 20 S proteasome was observed in three different fast-twitch muscles (although variations for subunit X expression were not always significant), which correlated with increased proteasome activity.
DX administration increased the expression of subunits of the 19 S regulatory complex
The binding of 19 S complexes to 20 S proteasomes regulates the peptidase and proteolytic activities of the resulting 26 S proteasomes. Thus we next investigated the effects of DX on the mRNA Figure 2 Effect of DX administration on the ubiquitination machinery (A) Northern blots were performed as described in the Experimental section with total RNA isolated from tibialis anterior (left panel) and epitrochlearis muscles (right panel). Hybridization signals for the two transcripts of Ub and for the bottom 1.2 kb transcript of the 14 kDa E2 (which is mainly up-regulated by catabolic conditions including DX treatment, see [4] ) were quantified and normalized using the corresponding 18 S rRNA signals to correct for uneven unloading. (B) Left panel, Northern blots were performed with total RNA extracted from gastrocnemius muscles. Right panel, Western blots were performed with proteins extracted from gastrocnemius muscles with an antibody raised against the 14 kDa E2 (see Experimental section). Signals were detected by chemifluorescence and quantified in arbitrary fluorescence units. Data are means + − S.E.M. for four to six rats. Representative Northern and Western blots are also shown. Statistical differences were assessed using unpaired Student's t test. *P < 0.05 versus control PF rats. (C) The time course of the formation of high-molecular-mass 125 I-labelled Ub conjugates was visualized with a Phosphofluoro-Imager and quantified using ImageQuant software, as described in the Experimental section. White squares, control PF rats; black squares, DX-treated animals. Data are means + − S.E.M. for five control PF animals and six DX-treated rats. The ubiquitination rate, i.e. the slope of best fit of arbitrary densitometric units of high-molecularmass Ub conjugates versus time, was significantly increased in DX-treated rats versus control PF rats (P < 0.01).
Figure 3 Effect of DX treatment on muscle mRNA levels for C2 and Z subunits of the 20 S proteasome
Northern blots were performed as described in Figure 2 with total RNA extracted from tibialis anterior (A), epitrochlearis (B) and gastrocnemius (C) muscles. Hybridization signals for subunits C2, X and Z of the 20 S proteasome were quantified and normalized using the corresponding 18 S rRNA signals to correct for uneven unloading. Data are means + − S.E.M. for four to six rats and are expressed as a percentage of PF controls. Representative Northern blots are also shown. White bars, control PF rats; black bars, DX-treated rats. Statistical differences were assessed using unpaired Student's t test. *P < 0.05 versus control PF rats. levels for both ATPase and non-ATPase subunits of the 19 S complex. DX administration increased mRNA levels for ATPase (S4, S6, S7 and S8; Figure 5 ) and non-ATPase (S1, S5a and S14; Figure 6 ) subunits of the 19 S complex up to 6.7-fold (P < 0.05) in the three muscles studied. Ordway et al. [29] and Tilignac et al. [23] reported a correlation between mRNA and protein levels for some subunits of the 19 S complex in muscles where Ub-proteasome-dependent proteolysis was changed. However, in striking contrast, the enhanced mRNA levels for ATPase subunits S4, S6 and S7 and non-ATPase subunits S5a and S14 in the muscle from DX-treated rats (Figures 5 and 6 ) did not correlate with changes in the corresponding muscle protein levels, irrespective of the amount of total proteins loaded on the gels (e.g. 35 µg, Figure 7 or 50 µg, results not shown).
DISCUSSION
In the present study, we report that glucocorticoid treatment of adult rats (i) increased proteasome-dependent proteolysis, (ii) stimulated both substrate ubiquitination and chymotrypsinlike proteasomal activity, and (iii) co-ordinately increased the expression of several ATPase and non-ATPase subunits of the 19 S regulatory complex in atrophying fast-twitch skeletal muscles. This provides strong evidence for a role of glucocorticoids in stimulating skeletal-muscle Ub-proteasome-dependent proteolysis.
Enhanced rates of proteasome-dependent proteolysis have been reported in many instances of muscle wasting [30] [31] [32] [33] [34] [35] . On the basis of indirect evidence, glucocorticoids are believed to be required for this activation in several catabolic conditions that include starvation [16] , metabolic acidosis [18] , insulin-dependent diabetes [17] , sepsis [21] and trauma [1] . We showed previously that mRNA levels for Ub, the 14 kDa E2-conjugating enzyme and the C2 subunit of the 20 S proteasome were up-regulated after glucocorticoid administration, suggesting the involvement of the Ub-proteasome pathway in the establishment of skeletalmuscle atrophy [4] . We now demonstrate, using inhibitors of the lysosomal and Ca 2+ -dependent proteases, and the proteasome inhibitor MG132, that glucocorticoids activate proteasomedependent proteolysis in rat skeletal muscle. We show further that this activation also reflected an increase in proteasomal chymotrypsin-like activity and a 70 % increase in rates of Ub conjugation in the gastrocnemius muscle. This increased rate of Ub conjugation reported here is consistent with similar adaptations observed in various catabolic conditions [36] and with the enhanced expression of the 14 kDa E2 in the epitrochlearis muscle (Figure 2A) , as well as with increased mRNA levels for other E2 species [14] and muscle-specific E3s [15] in glucocorticoid-treated rats. Taken together, our results suggest that both ubiquitination and the subsequent breakdown of Ub conjugates by the 26 S proteasome were targets of glucocorticoid action. DX has differential effects on the proteins involved in the early steps of insulin action on skeletal muscle. Administration of this drug results in a decrease in insulin-stimulated IRS-1 (insulin receptor substrate-1)-associated Northern blots were performed with total RNA extracted from tibialis anterior (A), epitrochlearis (B) and gastrocnemius (C) muscles. Hybridization signals for ATPase subunits S4, S6, S7 and S8 of the 19 S complex were quantified and normalized using the corresponding 18 S rRNA signals to correct for uneven unloading. Data are means + − S.E.M. for four to six rats and are expressed as a percentage of PF controls. Representative Northern blots are also shown. White bars, control PF rats; black bars, DX-treated rats. Statistical differences were assessed using unpaired Student's t test. *P < 0.05 versus control PF rats.
phosphoinositide 3-kinase [37, 38] . The glucocorticoid-induced hyperinsulinaemia appears to be essential for the development of these alterations in insulin receptor signalling [39] . Moreover, activation of phosphoinositide 3-kinase is required for insulininduced proteolysis inhibition [40] . Thus glucocorticoid effects on the activation of the Ub-proteasome-dependent pathway may be accounted for by abnormalities in the insulin-signalling pathway. In addition, Du et al. [13] showed that glucocorticoids induce proteasome C3 subunit expression in L6 muscle cells by opposing the suppression of its transcription by nuclear factor κB. Taken together, all these observations suggest an indirect action of glucocorticoids on Ub-proteasome-dependent proteolysis.
The second major observation of the present study is that DX treatment co-ordinately increased the levels of multiple mRNAs Northern blots were performed with total RNA extracted from tibialis anterior (A), epitrochlearis (B) and gastrocnemius (C) muscles. Hybridization signals for non-ATPase subunits S1, S5a and S14 of the 19 S complex were quantified and normalized using the corresponding 18 S rRNA signals to correct for uneven unloading. Data are means + − S.E.M. for four to six rats and are expressed as a percentage of PF controls. Representative Northern blots are also shown. White bars, control PF rats; black bars, DX-treated rats. Statistical differences were assessed using unpaired Student's t test. *P < 0.05 versus control PF rats.
encoding subunits of the 19 S complex. This is the first in vivo demonstration of a regulation of this regulatory particle of the 26 S proteasome by glucocorticoids in mammals. Interestingly, ecdysteroid hormones also regulate the 26 S proteasome in atrophying muscles from insects [41] . The 19 S complexes bind to both outer α-rings of the 20 S proteasome in the presence of ATP to form the 26 S proteasome. They contain at least six ATPase and 12 non-ATPase subunits in human proteasomes. The ATPases provide energy for the recognition of the poly(Ub) degradation signal [42] , assembly of the 26 S proteasome, gating of the 20 S proteasome channel, unfolding and injection of protein substrates Protein (35 µg) was extracted from gastrocnemius muscles, electrophoresed, transferred on to nitrocellulose membranes; immunodetection of subunits S4, S5a, S6, S7 and S14 was performed with appropriate antibodies, as described in the Experimental section. Signals were detected by chemifluorescence, visualized with a Phosphofluoro-Imager and quantified for six control PF and five DX-treated rats using ImageQuant software. Representative Western blots are shown. There was no significant change in any protein level (P > 0.05) using unpaired Student's t test.
into the catalytic chamber of the proteasome and peptide release [43] [44] [45] . Thus the 19 S complex plays an important regulatory role in Ub-proteasome-dependent proteolysis. Unfortunately, however, the precise role of the individual subunits is still poorly understood, except for a few subunits. For example, both the nonATPase subunit S5a [46] and the ATPase subunit S6 [42] recognize the poly(Ub) degradation signal. In the present study, we report that mRNA levels for four ATPase (S4, S6, S7 and S8) and three non-ATPase (S1, S5a and S14) subunits of the 19 S complex increased in epitrochlearis, tibialis anterior and gastrocnemius muscles from DX-treated rats. This correlated with increased chymotrypsin-like activity of the proteasome. Conversely, both mRNA levels for the ATPase subunits S4 and S7 and the non-ATPase subunits S5a and S14, and the chymotrypsin-like proteasomal activity decreased when muscle proteolysis was down-regulated after chemotherapy [23] . Taken together, these observations suggest that changes in mRNA levels for regulatory subunits of the 19 S complex regulated the 26 S proteasome activities.
The precise significance of the DX-induced changes in the mRNA expression pattern of subunits of the 19 S complex remains to be elucidated. Since we observed no change in protein levels of subunits that were apparently overexpressed in muscle after DX treatment, we cannot rule out that DX only stabilized the mRNA half-lives of the 19 S complex subunits. However, this seems unlikely. First, increased and decreased mRNA levels for several (but not always all) subunits of this regulatory complex have been reported in various catabolic [30, [47] [48] [49] and anabolic [22] conditions respectively. Secondly, these adaptations disappeared when proteasome-dependent proteolysis is normalized (e.g. by eicosapentaenoic acid treatment of starved and tumour-bearing rats; see [48, 49] ). Thirdly, in the reloaded unweighted soleus muscle, the increased mRNA levels for subunit S7 of the 19 S complex were actively translated [50] . Finally, in the tobacco hornworm Manduca sexta, eclosion is characterized by the elimination of intersegmental muscles that involves an increased chymotrypsin-like activity of the proteasome and increased protein levels for some, but not for all, ATPase subunits of the 19 S complex in such muscles [51] . Furthermore, the amount of MS73 protein (the equivalent of ATPase subunit S6) in that model did not correlate with intersegmental skeletal-muscle atrophy [41] . Thus changes in protein levels for 19 S complex subunits do not appear to correlate with stimulated proteasome activities. Further experiments are needed to support this conclusion.
In conclusion, our results provide the first evidence in mammalian muscle that glucocorticoids up-regulate Ub-proteasomedependent proteolysis via mechanisms that include a stimulation of rates of Ub conjugation, altered proteolytic activities of the proteasome and up-regulation of the mRNA levels for ATPase and non-ATPase subunits of the 19 S complex of the 26 S proteasome. Elucidating the precise mechanisms that are responsible for changes in gene expression of regulatory subunits of the 19 S complex and that may ultimately be important in the modulation of 26 S proteasomes in catabolic and anabolic conditions is of obvious importance in designing new strategies to prevent muscle wasting.
